The process of spore germination in Dictyostelium discoideum consists of three sequential stages: activation of dormant spores, swelling of activated spores, and emergence of myxamoebae from swollen spores. Dormant and activated spores are resistant to heating, freezing, or drying. Drying and freezing, moreover, may maintain the activated state until the spores are returned to normal conditions. Low temperature incubation after heat shock or the presence of an autoinhibitor will return activated spores to the dormant state. The entire spore germination process is aerobic, being inhibited at any point by oxygen deprivation or respiratory poisons. Each spore of this social organism appears to germinate at its own rate and independent of the other spores in the suspension.
The earliest developmental stage in the life cycle of Dictyostelium discoideum Raper is spore germination (2, 14, 15) . The spores of this cellular slime mold can be activated to germinate by exposure to mild heat or to solutions of peptones and amino acids (6, 7). The resulting germination occurs in three well-defined stages: activation of dormant spores, swelling of activated spores, and emergence of myxamoebae from swollen spores (6).
The present report is concerned with the factors which maintain dormacy in D. discoideum, as well as the developmental events that occur during spore germination.
MATERIALS AND METHODS
Production of spores. Spores of D. discoideum strain NC-4H (haploid) were produced in the manner previously reported by Cotter and Raper (7) . In one experiment, 0.2% PGY medium was used for spore production (6, 7) . In all other experiments, the slime mold was grown on a defined medium (1). The defined medium yielded spores which attained a higher final percentage of germination than spores produced on the complex medium (7). Spores incubated in the light at 25 C. The large number of spores used as inoculum produced a uniform growth of vegetative myxamoebae and, subsequently, an even distribution of fruiting structures over the entire surface of the plate. Migration of the pseudoplasmodia was minimized because of the relatively high ionic strength of the medium (2). Synchronous fruiting in sured that all the newly produced spores were of essentially the same age. The usual incubation time required for fruiting was 3.5 days. The stock cultures were stored at 25 C for 1 and 3 days before harvest ing.
Preparation of the spores for heat shock. The spores were collected (7), and the suspension was centrifuged at 1,000 X g for 5 min to sediment the spores and to remove any water-soluble inhibitors (3, 5, 16) . The supematant fraction was saved for studies of possible inhibitors; the spores were suspended in 15 ml of 10 mm potassium phosphate buffer at pH 6.5. The spores were washed twice by centrifugation in the above buffer and suspended in 5 ml of the same buffer in a 15-ml centrifuge tube for heat shock. The sides of the centrifuge tube above the spore suspension were wiped with tissue to remove any spores which might not undergo heat shock. The spore suspension was incubated at 45 C for 30 min in a water bath controlled to 40.02 C. The tube was immersed to the 12-ml mark to insure uniform heating of the spore suspension.
Methods of incubation after heat shock. The treated spores were pipetted into 10 mm potassium phosphate buffer (pH 6.5) contained either in beakers or in the tubes (10 by 1 cm) used in a Bausch & Lomb Spectronic-20 spectrophotometer. The amount of buffer used depended on the final spore concentration desired. This dilution procedure cooled the spores and gave a concentration of 106 to 107 spores per ml, as measured by a Bright-line hemacytometer. The 1680 PROPERTIES OF D. DISCOIDEUM SPORES beakers or tubes contained small magnetic stirring bars which were spun just fast enough to prevent settling of the spores. Whereas this gentle stirring did not prevent clumping of the newly emerged myxamoebae, it did provide some gaseous exchange into and out of the medium without destruction of the cells. Incubation was usually at 23.5 C.
Occasionally, suspensions were germinated in the Spectronic-20 tubes. In this case, 4 ml of spore suspension was used to measure loss in absorbancy at 620 nm during germination. This wavelength was chosen because spores of D. discoideum show no major absorption peaks, and also because it is less injurious to spores and myxamoebae than are shorter wavelengths.
In certain experiments, 0.5 ml of spore suspension was evenly plated onto buffered agar (10 mm potassium phosphate, pH 6.5; 2% Difco purified agar). The plates were incubated at room temperature after heat shock.
Scoring germination. The various stages of germination were determined by removing 1 ml of the spore suspension from the incubation vessel. The sample was pipetted into a small tube which was stirred with a Vortex Junior mixer for 30 sec to break up clumps of spores and myxamoebae, which usually formed after 3 hr of incubation at 23.5 C. An 0.05-ml amount of this dispersed spore suspension was removed from the tube, placed on a slide, and examined under a cover slip. A compound microscope, equipped with a 43X achromatic objective and 15X eyepieces, was used to count at least 200 objects. The process of counting took less than 3 min. The objects were divided into three groups: morphologically dormant spores, swollen spores, and emerged myxamoebae.
In the plate experiments, the germinating spores were examined on the buffered agar at the same magnification (X645) and then scored either as myxamoebae or spores.
A Fig. 1 . The process of spore germination in D. discoideum can be divided into three progressive stages or phases (6).
The first phase, activation, may be defined as that stage between the time spores are exposed to the activating event and the first sign of spore swelling. No morphological differences can be detected between activated and dormant spores before swelling begins.
The second phase, spore swelling, usually begins with the formation of a lateral protuberance which enlarges with time ( Fig. 1) . At the end of this stage, the spore is completely swollen and possesses one or more contractile vacuoles (Fig.  1) . The swelling stage ends with the longitudinal splitting of the spore case (14) . A loss in refractility commonly occurs during spore swelling; this is best seen with phase microscopy. An accompanying loss in optical density can be used to monitor spore germination (Fig. 2) After splitting of the spore case, the third stage in germination occurs, i.e., the emergence of the myxamoeba. This stage usually lasts less than 5 min. The nascent myxamoeba remains attached to the outside of the spore case for some minutes in a rounded-up form, then begins to float free in the medium. This free-floating stage soon ends for most of the myxamoebae in the culture because of clumping (Fig. 2B ). The clumps become larger as more and more emerged myxamoebae join in. Finally, the clumps of myxamoebae stabilize at a particular size, depending upon the number of cells in the culture This clumping phenomenon results in a second loss in optical density, which, together with spore swelling, can be used to monitor germination (Fig. 2) . The emergence stage of germination is distinct from spore swelling for at least two major reasons. (i) Inhibitors of protein and ribonucleic acid syntheses allow normal swelling, but stop or retard emergence of myxamoebae (unpublished data); (ii) spore swelling and myxamoebae emergence have different temperature optima (7).
Loss of sporelike properties during germination.
The term "spore" is usually reserved for a stage in the life cycle that is more resistant to adverse environmental conditions than any other, and also the stage when the protoplast is enclosed within a relatively firm or heavy wall. This is true for D. discoideum. Dormant spores of this organism can be alternated from one osmotic solution to another without lysis; vegetative myxamoebae are destroyed The spores of D. discoideum can survive temperatures in excess of 45 C. Cotter and Raper (6) showed that the viability of spores heated at 45 C for up to 1 hr did not decrease greatly. It is known that vegetative growth of myxamoebae will not occur at temperatures in excess of 30 C. A culture of vegetative myxamoebae is killed within 30 min if heated at 37 C, and in less than 5 min at 45 C. When, then, do germinating spores lose their heat resistance? Several experiments have demonstrated that swollen spores were not resistant to a second heating at 45 C for 30 min, whereas spores not yet swollen could withstand repeated heat treatments. This is clearly shown in Fig. 3 stage do not do so until the temperature is lowered.
Most dormant spores in a population are resistant to freezing, but vegetative myxamoebae are completely destroyed by this treatment. In fact, freezing and thawing is a good method for releasing enzymes from recently emerged myxamoebae without breaking any spores which happen to be present. The initial rate of viability loss seems to level off after about 10 days of storage at -16 C, and about 40 to 50% of the spores are still capable of germinating even after 70 days at this temperature. Freezing does not activate dormant spores; however, shocked spores which are quick-frozen will germinate upon thawing. Thus, the activated state will persist in frozen spores. Experiments with spores in various stages of germination revealed that swollen spores, like myxamoebae, were killed by freezing to -16 C.
Dormant and heat-activated spores, but not swollen spores or myxamoebae, were resistant to drying for 2 days. The drying took place at 25 C on glass slides stored in the dark. Germination continued in about 80% of the population when distilled water or buffer was added to the dry activated spores. Dried dormant spores required a heat shock after rewetting in order to germinate. It appears that the activated state will persist for most spores when available water is lacking as the result of either freezing or drying.
Reversibility of heat-induced activation. In contrast to the conversion of the bacterial endospore into a bacterial cell (12), complete germination in D. discoideum requires only oxygenated water after activation (6, 7). Thus, spores of this slime mold contain their own energy source(s) and any precursors necessary for the entire germination process. Even though spore germination is a continuous process, stopping points in the sequence might be expected to occur. This would allow better survival in changing environments.
Heat-induced activation occurs over a narrow temperature range (6, 7), centered near 45 C. Several experiments demonstrated that spores in the heat-activated state could be returned to the dormant state by storage at low temperatures (Fig.  4) . The longer heat-activated spores were stored at low temperature, the lower was the final percentage of germination. Curves for spores stored for 33, 46, and 119 hr began to rise at 0.5 hr after temperature was raised to 25.0 C. In all previous experiments, no swelling occurred before spores had incubated for 1 hr after shock (7 Therefore, the failure of germination at high spore concentrations in the above experiment must be attributed to some other factor(s), since the autoinhibitor was washed away before the peptone was added. It is our suggestion that there are not enough activating molecules present in 1 % peptone to secure germination of spore concentrations much higher than 106 per ml. In support of this suggestion, the levels of germination decline progressively with each reuse of a 1% peptone solution, even when the spores are extensively washed before addition of the peptone.
Unwashed spores at concentrations far above 106 per ml can be activated by heat. To secure germination in liquid culture, however, these activated spores must be diluted to levels below 3 X 107 per ml and incubated at room temperature. This is about the maximum that can be germinated, because oxygen becomes the limiting factor above this concentration in stirred cultures.
Previous experiments with liquid cultures containing 1% peptone without autoinhibitor showed that 90% of the spores released myxamoebae during 3 hr of incubation at 25 C (6).
In our initial experiments to determine the mode of action of the autoinhibitor, we found that a crude preparation of the D. discoideum autoinhibitor was more active in suppressing germination induced by peptone than by heat shock. In the following experiment, a culture containing 1% peptone, 106 spores per ml, and 1 mg of crude autoinhibitor per ml was divided into two equal parts and incubated at 25 C. Neither culture containing autoinhibitor had any swollen spores after 3 hr of incubation. Spore germination resulted, however, after one of the two cultures was heat-shocked and brought back to 25 C (Fig.  5) . These results suggested also that the autoinhibitor halted peptone-induced germination before the stage of spore swelling had occurred.
It is possible to slow down or inhibit heatinduced germination if the concentration of the crude autoinhibitor is raised to 10 or 20 mg/ml. At this concentration, autoinhibitor is much lower than the in vivo concentration in the mature sorocarp. Although germination seemed to be slowed at the swelling and emergence stages, the greatest inhibition occurred before spore swelling at high concentrations of inhibitor (Fig. 6) . With 10 mg of autoinhibitor per ml, 79% of the spores never reached the swollen stage. Solutions ofglucose or trehalose containing 10 mg/ml inhibited germination by only a few per cent, thus ruling out the possibility that the autoinhibitor worked only by osmotic pressure. When 20 mg of crude autoinhibitor per ml was added at various times during the germination process, the period of preswelling was again most sensitive to inhibition (Fig. 7) . After 5 hr of incubation in the presence of the autoinhibitor, further incubation or washing allowed the majority of the swollen spores to release their myxamoebae, but the nonswollen spores in each of the tubes failed to swell and germinate. Working with the natural concentration of autoinhibitor, an additional experiment indicated that activation could occur in the soral mass, but swelling and emergence would occur only after dilution of the autoinhibitor (Table 1) . Dilution to 5 X 106 spores per ml resulted in 93% emergence after 5 hr of incubation. Drying preserved the activated state for half of the spore population, whereas moist spores seemed to return to the dormant state sometime within 18 hr, when incubated at room temperature. As shown in Fig. 8 , the spores were deactivated and not killed by the autoinhibitor. This experiment also ruled out the possibility that lack of oxygen in the soral mass was responsible for inhibition or deactivation in the above experiment. The autoinhibitor prevented swelling for 94% of the spore population in the test tube. Deactivation began very soon after the heat-induced spores were placed in the presence of the autoinhibitor, and most spores returned to the dormant condition after remaining in contact with the autoinhibitor for only 4 hr. Light microscopy demonstrated that the spores were not swollen. Had the spores been swollen or dead, reactivation by heat would have been impossible.
The final experiment demonstrated that the autoinhibitor could deactivate spores in vivo in sorocarps which had been heat-shocked. A plate of defined medium containing 3-day-old upright sorocarps was subjected to a heat shock at 45 zt 1 C for 30 min. Half of the sorocarps were harvested immediately after shocking, and the spores (20 mg/ml) . Incubation was at 23.5 C; at various times samples were removed and washed so that the inhibitor was diluted 100-fold. The spore suspension was then plated directly or reshocked at 45 C for 30 min before being plated in 0.5-ml amounts on buffer-agar. The plates were scored after 6 hr at 24 C. Symbols: 0, per cent swollen spores in the incubation tube containing the autoinhibitor; *, per cent myxamoebae present on agar when spores were not reshocked before plating; *, per cent myxamoebae present on agar when spores were reshocked before plating.
were then washed and plated on buffer agar. After 17 hr of incubation at 24 C, the average germination (emergence) for four plates was 81 %.
The remaining half of the sorocarps were removed from the plate after incubation at room temperature for 6 hr, a period of time that should have allowed the autoinhibitor to deactivate most of the heat-activated spores still in the sori. This proved to be true, for, when spores from these sorocarps were incubated in the same manner as the first half, swelling and emergence was only 5% after 17 hr of incubation on buffer-agar. As anticipated, the remaining 95% of this spore population could be reactivated to germinate either by the addition of peptone or by a second heat shock.
The syntheses of various carbohydrates play an important role in spore formation in D. discoideum (4, 17, 18) . This, along with the published properties of the autoinhibitor (3), suggested that this important compound might be a carbohydrate. The sugar alcohols possess properties which would seem to fit published data on the autoinhibitor. In the presence of mannitol or sorbitol (20 mg/ml), 65% of an activated spore population never began to swell after incubation at 25 C for 5 hr. Thus, inhibition of spore swelling occurred with these two compounds to a lesser extent than with the same concentration of the natural autoinhibitor. An additional 20 carbohydrate compounds were tested, but we were unable to identify positively the natural autoinhibitor.
Autoinhibitors appear to have two actions: (i) to temporarily and reversibly inhibit any of the three germination stages, and (ii) to deactivate nonswollen activated spores. It is not possible to determine at this point whether the two complementary modes of action reside in one or more compounds. In the sorus, it is likely that most spores are inhibited and deactivated by the autoinhibitor(s) before spore swelling can occur. Our hypothesis that a change in permeability accompanies activation suggests that the plasma membrane is involved in both the activation and deactivation processes. The autoinhibitor may act to decrease the membrane's permeability to water.
Future studies with the electron microscope may aid in defining the role of the plasma membrane in the germination process.
Oxygen utilization during germination. The autoinhibitor is not a problem when washed dormant spores are heat-shocked to induce germination. The factor that limits the spore concentration used in such experiments is the amount of oxygen that reaches the spores. Experiments performed with spore concentrations above 107 activated spores per ml demonstrated that swelling and emergence were very slow when these tests were done with test tubes. However, when tested in thin liquid layers, the same spore concentrations permitted normal rates of swelling and emergence to occur. It seemed, therefore, that the availability of oxygen might be regulating germination in dense spore suspensions.
Determinations with a galvanic oxygen analyzer (Precision Scientific Co., Chicago, Ill.) revealed that swelling and emergence stop almost completely whenever the oxygen concentration falls below 1 mg/liter of spore suspension.
The clearest example of inhibition of germination by oxygen deprivation was obtained by covering spore suspensions with mineral oil. In such tests, samples of spores could be removed without introducing air into the culture; also, the oxygen content could be determined while the oxygen probe remained in the spore suspension (Fig. 9) . The recently emerged myxamoebae began to lyse after the oxygen content fell below 1 mg/liter.
Experiments with inhibitors of energy metabolism suggested that oxygen was necessary to form high-energy compounds, such as adensine triphosphate ( Table 2 ). The compound 2,4-dinitrophenol has been shown (11) to inhibit the aggregation process in D. discoideum. Evidence was presented that the inhibitor stopped the formation of high-energy phosphate bonds in this organism. Two other inhibitors, azide and arsenite (9, 10), now known to effect the same result, were also found to stop aggregation. Mixing experiments with shocked and nonshocked spores provided statistical evidence that only shocked spores germinate. We took advantage of the fact that strains NC-4H (haploid) and NC-4D (diploid) have identical germination rates, yet can be distinguished from each other by their size. The theoretical yield of ungerminated spores was 19%; the observed value was 20.5% (Table 3 ). Microscopic observations showed that the dormant spores remaining were almost entirely of the large diploid variety.
Cotter and Raper (7) demonstrated that the medium upon which the spores were produced, as well as the age of the spores, influenced the rate of germination after heat shock. Mixing experiments with young and old spores produced on different substrates, to accentuate further differences in the populations, emphasized quantitatively that the factors influencing germination in spores are internally and independently controlled. Figure   10 contains the average data for two such experiments. Statistical analyses and visual observations both afford evidence that spore germination is an independently controlled process, with each spore containing its own clock. Had one population retarded or accelerated germination in the other, the observed average germination rate would not have approached the theoretical mean.
Spore germination in D. discoideum, in sum- c At these concentrations and below, the inhibition was largely reversible by plating on buffer agar for 12 hr.
d After 1.5 hr of incubation. e Control cultures normally contain more than 70% of the population in the early and middle swollen state after 1.5 hr of incubation (Fig. 1) . 
